An ultrahigh-bandwidth point-to-point communications system based on white-light sources, pulse shapers, and interferometric receivers is proposed. Dispersion compensation by interferometric receivers is described and demonstrated. Linear dispersion-limited communications bandwidths are shown to scale with the square root of the data packet length.
Wavelength-division-multiplexing and time-divisionmultiplexing schemes have been proposed for sending information at bandwidths approaching the optical carrier frequency, utilizing a broad-bandwidth source or source array. Coherence-domain systems are a third class of spread-spectrum communications systems and offer a bandwidth competitive with wavelength-division-multiplexing systems. Coherent code division multiple access (CDMA) systems have been proposed and demonstrated. Some of these systems employ pulse-shaping encoders to generate an impulse response consisting of a number of delayed copies of the input pulse, called chips." 2 Others use gratings and phase masks to encode chips within the spectral phase of the source pulse. 3 ' 4 In all such systems, data are transmitted asynchronously and detected by correlating receivers that are matched to a specific chip code of the transmitter to produce output only when a correctly coded bit is received. CDMA systems require a carefully chosen set of codes, termed optical orthogonal codes, that can be distinguished from one another and from shifted versions of themselves. The aggregate system bandwidth is thus less than that which would be achieved if the chips could be detected directly as bits in a point-to-point system. Mutiple-user CDMA receivers also have a problem with noise bursts from all nonmatched transmitters.
In this Letter we consider the possibility of coherence-domain multiplexing (CDM), which uses direct transmission and detection of bits within coherence-modulated pulse packets in a point-topoint link. Because source coherence is unimportant and source stability is much less critical than in time-division-multiplexing systems, this approach uses relatively simple sources and receivers. We demonstrate that linear dispersion is automatically compensated for both in our system and in properly designed CDMA systems.
The basic structure of a CDM communications system is shown in Fig. 1 7 We expect distributed Bragg devices to be particulary competitive high-speed pulse shapers. A distributed Bragg pulse shaper is a long etched grating reflection hologram coupled to a waveguide device. Longitudinal modulation of reflection holograms can be used to obtain locally controlled high-speed parallel-to-serial conversion. 6 In electrically modulated permanent grating geometries, distributed Bragg pulse shapers offer high-speed response times and unparalleled spectral sensitivity per unit device volume. The principal requirements for CDM sources are that they have sufficient spatial coherence to couple efficiently into pulse shapers and single-mode fibers and that they have a 0.5-1-THz temporal bandwidth. These requirements might be met with existing broadband light-emitting diodes, diode lasers, or fiber laser technologies. If the source signal is generated by a mode-locked laser, the output of the pulse shaper is a serial signal representing the data to be transmitted. If the source is not transform limited, the same pulse shaper encodes data in the coherence of the optical field, though the encoded data are not apparent in the temporal shape of the field. Whether or not the source produces transformlimited pulses, the coherence length of the source can be determined by an amplitude correlation, in which fringe visibility is measured as a function of path difference in an interferometer. In the same way, the amplitude cross correlation between the shaped signal packet and the original source pulse reproduces the temporal signal encoded by the pulse shaper to a resolution limited by the source coherence time. This cross correlation is insensitive to unitary transformations, such as linear chromatic dispersion in a fiber, made to both the signal and the reference between signal encoding and detection. For data to be sent with this technique, a reference pulse is split from the source and launched into the fiber at a delay after the shaped packet. A similar system was recently proposed by Marhic. 8 In the CDM system, however, the pulse shaper encodes a packet consisting of N bits with each bit representing valid data, thus eliminating the wasted bandwidth involved in optical orthogonal code systems. At the receiving end of the fiber the signal packet is delayed and amplitude cross correlated with the reference in an interferometer or interferometric time-of-flight detector 9 to recover the data encoded by the pulse shaper. If the power spectral density of the packets has not been changed during transit through the fiber, interference fringes will be observed only when the reference pulse is time delayed to within the coherence time of one of the component bits in the signal field. The signal bits can thus be recovered with the resolution limited by the source coherence time, even if the intensity shape of the pulses is dispersed to beyond the length of the packet. One obtains a more rigorous understanding of data transmission in the CDM communications system by considering the operation of the components of the pulse-shaping system analytically. The source generates a time-domain signal r(t), and the pulse shaper is coded with the impulse response h(t). When r(t) is used to drive the pulse shaper, the output field is r(t) * h(t), where * is the convolution operator. This signal field consists of N serial data bits, each with coherence time r with respect to r(t). The total time over which interference can be observed between the signal field and r(t) is the packet time, T = NT. The signal field r(t) * h(t) is launched into the fiber, followed by the source field, which serves as a reference r(t). The source field is delayed by the time Tr > NT, slightly larger than T, such that the cross-correlation terms are separable when the packet is amplitude autocorrelated. This source/reference packet has total length rp = 2T and must be separated from the preceding packet by Tp to prevent overlap of successive packets in the correlation. In the fiber, linear dispersion and attenuation characterized by the fiber impulse response f(t) distort both fields. The fields received at the end of the fiber are the signal,
[r(t) * h(t)] * f (t), and the reference, r(t) * f (t).
If we neglect dc terms, and express the cross correlation of the signal and reference fields leaving the fiber in terms of a convolution, we get
s(t) = {[r(t) * h(t)] * f(t)} * [r(-t) * f(-t)]*.
(1) s(t) is more easily understood in the Fourier domain, where application of the convolution theorem yields
IF(w)I is the fiber attenuation as a function of frequency. Fiber dispersion is reflected in the phase of F(co) but does not affect the output signal. IR(w)lV is the power spectral density of the source. It should be noted here that the output signal is independent of the phase of R(co), supporting the earlier assertion that the coherence of the broadband source is not important. If the fiber attenuation IF(w)l and source spectrum IR(co)l are constant over the bandwidth of H(ws), then the output signal is simply
Under these conditions, the received signal is independent both of the source coherence and the fiber dispersion.
We demonstrate dispersion compensation in coherence-multiplexed systems by transmitting three 100-fs signal pulses and a reference pulse in a packet through an optical fiber. Intensity measurements show that dispersion has rendered the packet unrecognizable, and interferometric coherence length measurements are used to detect the signal bits at 100-fs resolution. Our experimental setup is shown in Fig. 2 . Our source is a Ti:sapphire laser generating 100-fs pulses at A = 800 nm. A pulse shaper consisting of a network of beam splitters and mirrors generates three signal pulses and a reference pulse. With neutral-density filters, the signal pulses are adjusted to equal intensities. The reference pulse energy is adjusted to be equal to the total signal energy, which provides maximum contrast in the detected fringes. The paths traversed by the three signal pulses are 0.35, 0.45, and 0.6 mm greater than that of the reference pulse, for total time delays relative to the reference of 2.3, 3.0, and 4.0 ps, respectively. The combined reference and signal packet, illustrated schematically in Fig. 3(a) , is launched into 2.1 m of 3M FS-SN-4224 single-mode fiber. Each of Fig. 2 . Experimental CDM system. the four transmitted pulses broadens to several picoseconds' duration while propagating in the fiber. Figure 3 (b) shows the amplitude cross correlation between the field collimated from the end of the fiber and a 100-fs reference pulse directly from the laser source. This is the source pulse train of Fig. 3(a) after it experiences fiber dispersion and is unrecognizable in the time domain.
To recover the transmitted data packet, we collimate the beam at the output of the fiber, and the combined signal/reference packet is amplitude autocorrelated in a Michelson interferometer with a stepper motor in one arm. A computer controls the position of the motor and digitizes the output from a video camera to measure the contrast of interference fringes as a function of path difference. 6 The resulting autocorrelation is shown in Fig. 3(c) . Figure 3(d) shows the recovered signal packet, which is the amplitude cross correlation of the signal and reference packets. While repetitive sampling is used to recover the autocorrelation in this experiment, a practical communications system would employ a single-shot time-of-flight detector to extract the cross correlation only. The entire autocorrelation is presented here for clarity.
The dispersion of a pulse propagating in a fiber is given by At = o-A AL, where c is the speed of light, o-is the dispersion parameter [a typical value for singlemode dispersion-shifted fiber is or = 1 ps/(nm km)], L is the fiber length, and AA is the source bandwidth. In a serial time-division-multiplexing communications system with transmitted bit width 7, the separation between pulses, rT, must be at least as large as the dispersed width of the pulses, r + At, so that received bits can be resolved. The transmitted bandwidth of the system is B = r 8 -1 -(r + At)-1 and has maximum value of
c
We measured the dispersion parameter for the 3M FS-SN-4224 fiber to be approximately o-= 80 ps/ (nm km) at A = 800 nm. A more practical system would employ dispersion-shifted fibers with a dispersion parameter near 1 ps/(nm km) at A = 1.55 ,ttm. A 100-km nonsoliton serial communications system of this type would be limited to a 34-GHz bandwidth.
In CDM systems, dispersive broadening of the overall data packet is of significance, rather than broadening of the individual data bits. Since linear dispersion does not affect detection of signal bits, the main limitation is that the intensity envelopes of successive packets must be distinguishable. In this case, given the transmitted packet width Tp, the separation between packets s must be at least as large as the dispersed width of the packets, rp + At. The transmitted bandwidth of the CDM system is given by B = N/s ' N/(rp + At) and has a maximum value of 21 
Nc
where N is the number of bits in the data packet. A 1000-bit data packet at 1550 nm would achieve a 760-GHz bandwidth in a 100-km CDM system. The bandwidth limit is similar for CDMA systems but must be reduced to account for the limited number of orthogonal codes.
Although the CDM system does not compensate for nonlinear dispersion, the use of coherence encoding on incoherent sources eliminates the high intensities associated with short temporal pulses, such that CDM systems may be less susceptible to nonlinear dispersion than nonsoliton time-divisionmultiplexing systems.
